H emorrhagic shock (HS) is one of the leading causes of trauma-related morbidity and mortality and has been identified as the most important preventable cause of death in patients sustaining traumatic injuries. 1 Current therapies, such as crystalloid resuscitation, fail to address the underlying cellular dysfunction and may even worsen clinical outcomes if administered too aggressively. The concept of epigenetic modulation, through targeting the histone deacetylase (HDAC) enzyme family, has been a promising area of recent research. Treatment with HDAC inhibitors (HDACIs) has been shown to increase the acetylation of histones to induce transcriptional activation in a variety of pre-clinical models, including HS, traumatic brain injury, ischemia-reperfusion, sepsis, and combined insults. 2 Overall, these data suggest that HDACIs could be a very promising adjunct to conventional therapies, especially in austere settings where resources are limited.
In humans, at least 18 HDAC isoforms have been identified and are organized into four functional classes, including classes I, IIa/IIb, III, and IV. 3 In general, class I HDACs are ubiquitously distributed and play a key role in cell survival and proliferation, while class II HDACs have more tissue-specific roles. 4 Our group has extensively researched the effects of valproic acid (VPA), a nonselective HDACI, which predominantly inhibits HDAC classes I and IIa. 5 At high doses, administration of VPA has been shown to improve survival in lethal HS models. Valproic acid modulates multiple prosurvival, inflammatory, and apoptotic mediators, such as c-Jun N-terminal kinase/caspase-3, extracellular signal-regulated kinase 1/2, protein kinase B, mitogen activated protein kinase and β-catenin. [6] [7] [8] [9] [10] [11] Although the administration of a single highdose of VPA (150 mg/kg) has been shown to be safe in healthy human subjects, 12 its safety in trauma patients is still being investigated (ClinicalTrials.gov Identifier: NCT02872428). However, administration of these large doses poses logistic challenges and raises concerns related to potential toxicities.
Within recent years, the concept of targeting isoformselective HDACIs has gained more attention, because focusing on substrate selectivity and tissue specificity may help mitigate the adverse effects of nonselective HDACIs. For example, we have shown that tubastatin A, a selective class IIb HDACI with high selectivity for HDAC6, 13 improves survival in animal models of lethal HS and sepsis. 14, 15 Other HDAC classes have been well studied in a variety of settings including inflammatory states, oncologic diseases, cystic fibrosis, human immunodeficiency virus infection, and other neurodegenerative diseases, but their efficacy in the treatment of HS is unknown. [16] [17] [18] [19] The aim of this study was to determine the therapeutic effects of different isoform-selective HDACIs when compared to nonselective HDACIs in the setting of HS. We hypothesized that isoform selectivity would influence the ability of HDACI to improve survival in HS. A rodent model of lethal HS was used to compare the impact of treatment with various HDACIs (isoform-selective and nonselective) on survival. In a separate experiment, expression of well-known survival-associated proteins were compared in a sublethal model (to obtain matching samples from all the groups) of HS.
METHODS
The study was performed in accordance with the statutes from The Guide for the Care and Use of Laboratory Animals and was approved by the Institutional Animal Care and Use Committee.
Survival Study (Lethal HS Model) Instrumentation
Male Sprague Dawley rats (240-310 g; Charles River Laboratories) were allowed food and water ad libitum before and after surgery. Anesthesia was induced using 5% isoflurane. Isoflurane was titrated to an appropriate depth of anesthesia and maintained for the duration of the case. A heating pad was used to maintain body temperature. A right groin incision was made and the femoral artery and vein were exposed; both vessels were isolated and cannulated with polyethylene 50 tubing flushed with heparinized saline (100 USP units/mL). The arterial line was used for hemorrhage and hemodynamic monitoring, and the venous line was used for the administration of treatment agents.
Injury
Estimated total blood volume (ETBV) was calculated using the following formula: ETBV (ml) = weight (g) Â 0.06 + 0.77. 20 Rats were subjected to 50% ETBV hemorrhage over 30 minutes (30% over 20 minutes, followed by 20% over 10 minutes) and maintained in shock without resuscitation for 20 minutes. Arterial blood gas (ABG) samples were taken at baseline and following 20 minutes of unresuscitated shock (postshock time point). ABG samples were taken into account when calculating the total hemorrhage volume.
Treatment
Animals were randomized to the following groups (n = 8/ group): (1) negative control (no treatment), (2) normal saline (NS) control (0.9% NS, 1 μL/g), (3) cyclodextrin control (30% cyclodextrin, 1 μL/g), (4) VPA (nonselective HDACI, class I/IIa; 250 mg/kg), (5) MS275 (class I; 50 mg/kg), (6) MC1568 (class IIa; 5 mg/kg), (7) ACY1083 (class IIb; 30 mg/kg), and (8) EX527 (class III; 50 mg/kg). Valproic acid was dissolved in NS, while all other agents were dissolved in cyclodextrin. The choice of agents and their respective doses was based on previous studies 21, 22 and unpublished preliminary data. Treatment was administered at the end of the shock period via intravenous injection over 15 minutes, followed by a 200-μL NS flush over 10 minutes. Catheters were then removed, vessels ligated, and skin was closed with silk suture. One percent bupivacaine was injected at the operative site for local analgesia during the postoperative period. Following recovery from anesthesia, animals were returned to their cages for observation. Animals were assessed at regular intervals following this and given further analgesia as needed. Animals were monitored for a total of 24 hours to establish a survival curve.
Sample Size
Based on previously published data, we expected the survival in the VPA group to be 85% to 87.5%. 10 Sample size of 8/ group was adequate to detect a relative difference of 80% between the best and worst groups with an α = 0.05 and power (1-β) of 0.80.
Mechanistic Study (Sublethal HS Model)
A sublethal HS protocol was used to ensure survival of all animals. This resulted in tissue harvest at consistent, predetermined time points, and eliminated potential bias in sample procurement (due to early deaths in some groups following lethal hemorrhage).
Instrumentation
Instrumentation was identical to the survival study.
Injury
Rats were subjected to 40% ETBV over a period of 20 minutes. As in the survival study, animals were maintained in shock for a period of 20 minutes before treatment. The ABGs were obtained at baseline, postshock, and posttreatment to assess the effects of different isoform-selective and nonselective HDACIs on markers of shock. All other details of the model were consistent with the survival study above.
Treatment
Animals were randomized to the following groups (n = 3): (1) NS control (1 μL/g of 0.9% NS), (2) cyclodextrin control (30% cyclodextrin; 1 μL/g), (3) VPA (nonselective HDACI, class I/IIa; 250 mg/kg), (4) MS275 (class I; 50 mg/kg), (5) MC1568 (class IIa; 5 mg/kg), and (6) ACY1083 (class IIb; 30 mg/kg). Groups chosen included all treatments demonstrating a significant improvement in survival relative to vehicle, as well as MS275 as a negative control. Animals were recovered and returned to their cages as previously described. To identify early changes at the cellular level, rats were sacrificed 3 hours posttreatment. Hearts were harvested and rinsed with cold saline, frozen in liquid nitrogen, and stored at −80°C for later use. Tissue samples were also harvested from the sham animals (anesthetized and cannulated without hemorrhage or treatment) to serve as controls.
Western Blot Analysis
Heart tissue (50 mg wet weight per sample) was homogenized manually with a hand-held glass homogenizer, and whole tissue extracts were prepared by radio immunoprecipitation assay whole-cell lysis buffer supplemented with 1Â phosphatase and protease inhibitors (Halt; Thermo Scientific, Waltham, MA). Supernatant was collected after centrifugation at 10000 RPM at 4°C for 15 minutes. Prior to loading on a 12% polyacrylamide gel, whole cell extracts were balanced by spectrophotometry using the Bradford assay to ensure equal loading. Once separated by SDS-PAGE gel electrophoresis, proteins were then electrotransferred onto a nitrocellulose membrane. Membranes were blocked for 30 minutes using 5% bovine serum albumin (Roche, Indianapolis, IN) dissolved in Tris-buffered saline infused with 0.035% Tween-20 (TBST) and then incubated with the primary antibody diluted in TBST containing 5% bovine serum albumin at 4°C overnight. Primary antibodies and their respective dilutions are as follows: rabbit anti-acetylated histone H3 lysine 9 (Ac-H3, 1:1000), rabbit anti-acetylated histone H4, lysine 5 (Ac-H4, 1:1000), rabbit anti-acetylated α-tubulin lysine 9 (Actubulin, 1:1000), rabbit anti-histone H3 (H3, 1:1000), rabbit anti-histone H4 (H4, 1:1000), rabbit anti-α-tubulin (α-tubulin, 1:1000), rabbit anti-phospho-Akt, serine 473 (p-AKT, 1:1000), and rabbit anti-AKT (AKT, 1:1000) all from Cell Signaling Technology (Danvers, MA); mouse anti-β catenin (1:500) from Thermo Fisher Scientific (Waltham, MA); mouse anti-β-actin (1:3000) from Abcam (Cambridge, MA). The primary antibody was detected by incubating with horseradish peroxidase (HRP)-conjugated secondary goat anti-rabbit IgG antibody (Abcam; 1:3000) or HRP-conjugated secondary goat antimouse IgG antibody (Abcam; 1:3000) diluted in TBST with 5% nonfat milk for 1 hour at room temperature. Signals were detected using enhanced chemiluminescence (Thermo Fisher Scientific) and densitometry was performed using the Quantity One version 4.6.2 software (Bio-Rad Laboratories, Munich, Germany). Quantitation of Western blots is expressed as mean densitometry ratio ± standard error of the mean, and each assay was performed in triplicate. 23 
Statistical Analysis
All statistical analyses were performed using IBM SPSS Statistics 20 software (Chicago, IL). Differences between three or more groups were analyzed using one-way analysis of variance followed by Bonferroni post hoc testing. An independent samples t test was used for comparisons between two groups. Survival data were analyzed using a Kaplan-Meier curve with log-rank analysis. Statistical significance for all tests was defined at p less than 0.05. All continuous values are presented as the mean ± standard error of the mean (SEM).
RESULTS

Survival Study Response to Injury
No differences were observed in baseline characteristics, including body weight, baseline blood pressure, and laboratory values. The animals demonstrated a predictable physiologic response to hemorrhage, with hypotension, which recovered partially toward baseline following treatment (Fig. 1A) . No significant differences in physiologic parameters were observed between the different treatment groups. Laboratory parameters are summarized in Supplemental Digital Content 1 (see Table, Supplemental Digital Content 1, http://links.lww.com/TA/B89). Overall, all groups demonstrated a similar degree of shock and response to resuscitation. As expected, injury resulted in significant (p < 0.05) lactic acidosis (Fig. 1B) . No significant differences (p > 0.05) in lactate levels were noted between the various treatment groups at either time point.
Survival
Survival rate was 12.5% in the untreated group (negative control), with the majority of animals dying within 120 minutes posthemorrhage (Fig. 2) . Survival did not improve with either vehicle or MS275 treatment (survival rates, 12.5%, 20%, and 12.5% for NS vehicle, cyclodextrin vehicle, and MS275, respectively). EX527 improved survival to 50%; however, this did not achieve statistical significance (p > 0.05). Treatment with VPA, MC1568, and ACY1083 improved survival rates to 87.5%, 75%, and 75%, respectively (p < 0.05).
Mechanistic Study
All animals survived in the sublethal model until the point of euthanasia. As in the lethal model, animals demonstrated a predictable physiologic response to hemorrhage (Fig. 3) . Laboratory parameters for the mechanistic study are summarized in Supplemental Digital Content 2 (see Table, Supplemental Digital Content 2, http://links.lww.com/TA/B90). As in the survival study, all groups demonstrated a similar degree of shock and response to resuscitation. Following shock, animals demonstrated a trend toward increased lactate from baseline to postshock, with three of five groups demonstrating statistical significance. No significant differences were seen in raw values for lactate between the groups at either time point.
Histone Acetylation Levels
Different classes of HDACIs are known to induce differential histone and nonhistone protein acetylation. Ac-H3, Ac-H4, and Ac-tubulin were assessed to demonstrate class I, class IIa, and class IIb HDAC inhibition 24, 25 by their corresponding HDACIs. Treatment with class I HDACI, MS275 increased the acetylation of histone H3, while treatment with class IIa HDACI, MC1568, and class IIb HDACI, ACY1083 increased the acetylation of histone H4 (Fig. 4) . Treatment with class IIb HDACI, ACY1083 also increased acetylation of α-tubulin. Nonselective HDACI, VPA increased acetylation of both histone H3 and H4. Overall, this data confirmed that the administered HDACI dosages were sufficient to acetylate their known target proteins.
Phosphorylation of AKT and Activation of β-Catenin
To further examine the effects of various classes of HDACIs at the cellular level, the expression of well-known prosurvival proteins, p-AKT and β-catenin, were measured in the myocardium. Between MS275 and vehicle groups, no significant differences (p > 0.05) in p-AKT and β-catenin expression were observed (Fig. 5) . VPA, MC1568, and ACY1083 groups displayed significantly increased (p < 0.05) p-AKT and β-catenin expression when compared with vehicle and MS275 groups. However, there were no statistically significant differences (p > 0.05) between the VPA, MC1568, and ACY1083 treatment groups.
DISCUSSION
In the present study, we have demonstrated that both class IIa and IIb HDAC inhibition improves survival and activates prosurvival pathways in rodent models of HS. Furthermore, the effects of these isoform-selective HDACIs were comparable to the survival benefits observed with the nonselective HDACI, VPA.
Hemorrhage remains one of the leading causes of death in civilian and military trauma and is responsible for approximately one third of deaths within the first several hours following traumatic injury. 26 Current treatment strategies focus on fluid resuscitation to replace the lost intravascular volume. However, early aggressive resuscitation in severely bleeding patients has failed to demonstrate any survival benefit, 27 and can even worsen outcomes as it exaggerates the inflammatory response resulting in further cellular injury. [28] [29] [30] Furthermore, infusion of crystalloids is associated with hemodilution, coagulopathy, edema, and upregulation of proinflammatory mediators. 31, 32 Because conventional treatment strategies have no inherent prosurvival properties, there is a need to develop novel approaches that can mitigate the cellular consequences of shock. This is even more relevant in battlefield settings that lack blood banks and advanced critical care therapies. Pharmacologic treatments in these austere settings can serve as a "bridge therapy" to keep the injured alive long enough to get evacuated to higher echelons of care.
Our group has previously shown that VPA treatment improves outcomes in various animal models of lethal hemorrhage, sepsis, and combined insults. 10, 33, 34 However, treatment with nonselective HDACIs requires very high doses, which creates a potential for toxicities and other logistic challenges. Valproic acid has been FDA approved for a number of years for use in epilepsy and is also used in various other conditions, including bipolar mania and migraine headaches. However, it carries some common, and potentially dangerous, side effects, including hypothermia, hemodynamic disruption, and coagulopathy. It also has a "Black Box" warning for hepatotoxicity, teratogenicity, and pancreatitis. Our recent study demonstrates that a single, large dose of VPA is well tolerated in healthy humans; 12 however, these side effects remain a concern, especially in trauma patients, where they could carry much greater significance. These limitations have prompted us to explore the use of isoformselective HDACIs as a treatment for HS.
Our study is the first to demonstrate differences in survival among various isoform-selective and nonselective HDACIs in a well-established animal model of HS. In the first experiment, survival was selected as an endpoint to determine the therapeutic effects of various isoform-selective and nonselective HDACIs. A sublethal model was then utilized to allow for tissue procurement at various time points and to avoid a survival bias.
Tissue samples were used to analyze well-known prosurvival protein levels of p-AKT and β-catenin. The AKT signaling pathway plays an important role in cell survival as activated AKT directly phosphorylates proapoptotic proteins, such as BAD and caspase-9, thereby inhibiting apoptosis. [35] [36] [37] In addition, β-catenin, a multifunctional protein, plays a key role in not only maintaining physiologic homeostasis but also in inducing cellular proliferation and survival. 38, 39 Thus, phosphorylated AKT and β-catenin were selected to serve as markers of a prosurvival phenotype in cells. As anticipated, VPA treatment significantly improved survival and preserved p-AKT and β-catenin expression in the myocardial cells. These results were consistent with previous work by our group and others. 8, [40] [41] [42] Interestingly, our results indicated that class IIa and class IIb HDACIs also improved survival and increased the expression of p-AKT and β-catenin levels, similar to VPA. We have previously demonstrated that administration of Class IIb HDACIs improves survival in HS 14 and septic 15 models. However, this is first study to demonstrate that class IIa HDACIs can improve survival in HS models as well. Furthermore, this finding is in agreement with other studies demonstrating that class IIa HDACIs attenuate cell death in various models. [43] [44] [45] Lastly, our results revealed that treatment with class I HDACI, MS275 had no beneficial effects either on survival, or at the cellular level. This is consistent with the growing literature suggesting that class I HDAC inhibition may fail modulate prosurvival pathways, including AKT. [46] [47] [48] There are several limitations to this study. First, we used relatively small samples sizes. This was adequate to detect large differences in survival; however, smaller differences, including that seen with EX527 treatment, did not reach statistical significance. We believe this is likely a type II error and would reach statistical significance with an increase in sample size. Second, only male rats were used in this study. It is well known that there is sex dimorphism in trauma patients, 49 with female sex hormones being protective in shock. Because this was a preliminary study to establish efficacy before further testing, we chose to standardize for this and evaluate the effect of the drugs in male animals only. Future studies will need to verify the effect of these drugs in female animals also. Third, the doses of the isoformselective and nonselective HDACIs were different among classes and based on the published literature. Going forward, strict dose optimization studies will need to be performed. Fourth, as this was a proof-of-concept study, it did not assess the Figure 4 . Effect of isoform-specific and nonselective HDACIs on acetylation of AcH3, AcH4, and AcTubulin in myocardial tissue. Animals were sacrificed 3 hours following hemorrhage. Heart tissue lysate was assessed for AcH3, AcH4, and AcTubulin by Western blot analysis (A). Histone H3, histone H4 and α-tubulin were used as internal controls. Data are shown as a mean densitometry ratio of AcH3: H3 (B), AcH4: H4 (C ), and AcTubulin: α-tubulin (D) with standard error of the mean for each treatment agent. *p < 0.05 and **p < 0.01 respectively when compared to the sham group. #p < 0.05 and ##p < 0.01, respectively, when compared with the vehicle group. AcH3, acetylated histone H3; H3, histone H3; AcH4, acetylated histone H4; H4, histone H4; AcTubulin, acetylated tubulin. Figure 5 . Effect of isoform-specific and nonselective HDACIs on phosphorylation of AKT (p-AKT) and β-catenin in myocardial tissue. Animals were sacrificed 3 hours following hemorrhage. Heart tissue lysate was assessed for p-AKT and β-catenin by Western blot analysis (A). AKT and β-actin were used as internal controls. Data are shown as a mean densitometry ratio of p-AKT: AKT (B) and β-catenin: β-actin (C ) with standard error of the mean for each treatment agent. *p < 0.05, **p < 0.01, and ***p < 0.001, respectively, when compared with the vehicle group. #p < 0.05, ##p < 0.01, and ###p < 0.001, respectively, when compared with the MS275 group. pAKT, phosphorylated AKT.
long-term safety profile of these drugs. Further studies should be done in those agents demonstrating significant benefit to assess their side effect profile. Because most of the iso-HDACIs are still experimental agents, they will require extensive preclinical and clinical testing prior to potential FDA approval. Lastly, we selected only two proteins, including AKT and β-catenin, as biological surrogates of a prosurvival phenotype. However, the underlying mechanism between various isoformselective and nonselective HDACIs and prosurvival proteins needs to be further elucidated.
In conclusion, this study demonstrates that isoformselective class IIa and class IIb HDACIs improve survival and activate prosurvival pathways in a rodent model of HS. As class IIa and IIb HDACIs demonstrate comparable therapeutic effects to VPA treatment, isoform-selective HDACIs need to be further explored as novel treatments for HS and other injuries. Future studies should focus on further elucidating the mechanisms by which isoform-selective HDACIs, including class IIa and class IIb, improve survival, and whether combination of these agents could be synergistic. This may allow us to further reduce the dosages and improve the safety profile of HDACI treatment. 
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